the frequency doubling process, thus in principle allowing submicrometre resolution and real-time imaging of AF domains. This is essential to study the response of antiferromagnets to external stimuli, including the important properties of nucleation and propagation of their domain walls.
The material studied here consists of a 110-nm-thick epitaxial film of BiFeO 3 (BFO) grown by pulsed laser deposition on a SrTiO 3 (001) substrate with a 5 nm buffer layer of conducting SrRuO 3 (SRO) (see Methods). The strain imposed by the substrate leads to the disappearance of the cycloidal magnetic order present in the bulk in favour of a slightly canted AF phase 12 arising from the Dzyaloshinskii-Moriya interaction. At room temperature, the BiFeO 3 layer adopts a rhombohedral-like (3 m) crystallographic structure with a small monoclinic distortion. The spontaneous electric polarization (P S ) lies along the [111] directions, thus defining eight possible ferroelectric variants (Fig. 1a) . The AF order is G-type, where the spins carried by the Fe 3+ ions belong to the (111) planes orthogonal to P S (Fig. 1c-e) . Within these planes, a threefold magneto-crystalline anisotropy should lead to three possible directions for the AF vectors, similarly to the archetypal NiO 13 . The as-grown films are composed of small (100 nm size) ferroelectric domains with polarization predominantly pointing towards the conducting SRO, and different in-plane components distributed along the four possible in-plane orientations (Fig. 1f,g ). The tip of a piezoresponse force microscope (PFM) was then used to electrically write polarization domains, and a special effort was devoted to produce single domains (Fig. 1h,i) : the out-ofplane component of the polarization was controlled by the above coercive bias applied between the scanning tip and the bottom SrRuO 3 electrode. The in-plane component was simultaneously defined thanks to the 'trailing field' 14 induced by the tip motion and aligned along the targeted polarization variant. Large single domains (Fig. 1b) are reproducibly obtained, as for instance the 10 µm × 10 µm square of Fig. 1h ,i. We can therefore dispose of different areas where the ferroelectric order is defined at will in which AF properties can be studied by SHG imaging.
In the electron-dipole approximation, the SHG source term S(2ω) is related to the light-induced nonlinear polarization P(2ω) in the following way: S(2ω) = µ 0 ∂ 2 P/∂t 2 , where:
with E(ω) the incident light electric field and χ (i) and χ (c) the time-invariant and time-noninvariant SHG tensors, associated with the crystallographic (/ ferroelectric) and magnetic orders, respectively. The measured experimental quantity is the emitted SHG intensity: I SHG ∝ |P| (along the x-axis of the laboratory frame) for different directions of polarization of the fundamental light. The incident beam energy is 1.34 eV (wavelength 925 nm), corresponding to a local maximum in the SHG spectral response. Remarkably, substructure patterns can clearly be seen, even in the ferroelectric singledomain region. It is particularly emphasized for specific orientations of the incident light polarization, such as 45
• (Fig. 2c ) and 135
• (Fig. 2e) .
We first analyse the SHG by extracting pixel by pixel (about 100 nm × 100 nm) the full angular dependences on incident light polarization. A polar signature composed of two main lobes along the y direction and two small lobes along x, is systematically observed in the single domain ( Fig. 2f-h ). This corresponds to the expected contribution from the ferroelectric polarization, described by the time-invariant part of the SHG tensor 15 . Interestingly, it turns out that three distinct angular dependences are measured 804 LETTERS (Fig. 2f-h) . Two of them (f and g) present small asymmetries, which we attribute to the time-noninvariant part of the SHG signal (that is, AF contributions). Their quantitative description can be obtained by rotating the corresponding tensor according to the direction of the AF vector L (see Methods). The two asymmetric populations, called 1 (Fig. 2f) and 2 (Fig. 2g) , correspond to two different AF domains whose in-plane orientations are along the (01) and (10) directions, at 45
• to that of P. The last possible AF domain (number 3) does not produce an asymmetry in the angular dependence on light polarization, as the (11) projection of the AF vector is perpendicular to that of P. Using this asymmetry criterion and fitting the angular polarization dependence of each pixel, AF domains can be reliably extracted (see Supplementary Methods). Domains of type 1 (blue) and 2 (red) can be unambiguously observed in the written ferroelectric single domain (Fig. 2i) . The third domain is harder to single out, as the pixels lacking the asymmetry can also correspond to the borders between domains 1 and 2, where their average produces a symmetrical dependence. Nevertheless, the morphology of the 'white' regions looks more like domain walls than extended domains (see Fig. 2i ). Moreover, the expected SHG intensity of domain 3 should theoretically fall to 'zero' (measurement noise level) for light polarized at 45
• and 135
• , which is not observed in Fig. 2h . We thus conclude that domain 3 is practically missing. This can be understood, as the small monoclinic distortion imposed in the film by the substrate may lift the degeneracy between the three possible AF domains. Indeed, some anisotropy is added along (001), making domain 3 (the only one with L perpendicular to (001)) higher in energy. This is further enhanced by the demagnetizing energy induced by the uncompensated magnetic moments resulting from the slight canting of L (expected to be both perpendicular to P and L). Domain 3 being the one with the uncompensated M closest to the out-of-plane direction, this contributes to increasing its energy. Experimentally, it is also worth mentioning that domain walls jump sideways on micrometre length scales at an observed rate of two or three of these events per month.
Another interesting observation concerns the typical size of AF domains, which is in the micrometre range-that is, a single ferroelectric domain corresponds to a complex AF landscape. The interaction between the two orders is non-trivial as micrometresized AF domains are even observed in the as-grown regions (outside the single-domain square) composed of very small (100-nm-sized) ferroelectric domains (see Fig. 1 ). This situation is to be compared to that of ferromagnetic domains in granular media providing random anisotropy 16 . When the lateral scale of the anisotropy is much smaller than the natural magnetic domain size, some averaging takes place and domains do not follow the local anisotropy. The parallel with ferromagnets is possible here as it has been shown that in antiferromagnets, magnetoelastic strains cause imaginary 'incompatibility elastic charges' analogous to the surface 'magnetic' charges in ferromagnets 17 . The corresponding longrange field constitutes the 'stray' energy of the sample that governs the appearance of the domain structure. In AF multiferroics, piezoelectric effects in FE domains play exactly this role. Thus, in our as-grown sample, where FE domains are in the 100 nm range, AF domains are larger. In much bigger single FE regions, AF domains have their natural micrometre-size. Perfect locking between the two orders should be expected only when the two characteristic sizes are close. This is evidenced in the following experiment, where we show that the AF order can be modified by locally changing the electrical polarization. Due to magneto-electric coupling, switching the FE variant toggles the direction of magnetic anisotropy, which can induce a rotation of the AF vectors 18, 19 . This is confirmed directly by SHG imaging in a written 8 × 8 µm 2 ferroelectric single domain, as shown in Fig. 3 . This FE square was first imaged (Fig. 3a) and subsequently electrically manipulated using the PFM tip in two 2.5 × 2.5 µm 2 regions (Fig. 3b,c) . In the upper one, the in-plane polarization was globally rotated by 90
• , while in the lower one, solely the out-of-plane component is reversed. It is clear that the AF domains have accordingly changed (Fig. 3d) , thus demonstrating that the AF topography is directly affected by the direction of P S . Interestingly, the upper square corresponds to an AF single domain, confirming that when the FE is on a length scale similar to that typical of the AF order, a one-to-one correlation can be achieved.
To go beyond the effect of the FE polarization on the AF order of multiferroics, we have carried out another set of experiments on a region composed of a 10 × 10 µm 2 FE single domain with additional inner structures, as shown in Fig. 4 . The effect of temperature is first assessed by heating the BFO layer to about 570 K-that is, close to its Néel temperature 20 . Comparing the AF configuration before (Fig. 4c) and after (Fig. 4d) , it is clear that even if some similarities remain, the AF pattern has mostly been re-initialized. More interestingly, one could expect that even sub-coercive electric fields should affect the AF texture through a term in E · L 2 in the free energy 21 . Other terms in E i L j M k (with i, j, k the space directions) couple to the uncompensated moment M of strained BFO (ref. 22) , and since M is small these contributions are likely to be negligible. To test this idea, with the PFM tip we applied a linearly increasing electric field during a subsequent scan of the FE pattern. The out-of-plane field was kept in the same direction as the existing P up polarization, but the in-plane trailing field ramped from 1 V to 12 V from the top to the bottom of the square. Comparing Fig. 4d and e, it can be seen that the AF configuration has globally changed from about 2 V onwards (trailing field estimated below 5 MV m −1 ), while the polarization domains only start to be modified near 11 V (not shown). The line scans in Fig. 4g ,h confirm that 3 V is the threshold for changing the AF configuration. Interestingly, the inner square, where the sub-coercive trailing field (vertical) was perpendicular to the in-plane projection of P, is the one that changed most. It is to be noted that this component is the only one lifting the degeneracy between red and blue domains. Despite the possible weakness of magneto-electric interactions, domain walls can therefore be displaced as their pinning energy seems to be easily overcome. This may not be the case for nucleation of a minority domain. Moreover, the specific nature of the domain walls, where magnetization and polarization can be very different from those of the domains themselves 23 , could also influence how domains get modified by sub-coercive fields.
Lastly, it is interesting to note that an intense light can also apply an electric field, by virtue of the optical rectification process 24 . This stems from the second-order nonlinearity also giving rise to the SHG signal. Short laser pulses of 100 fs duration were used to generate a terahertz electrical pulse in the sample. As this matches the range of the AF resonance in BiFeO 3 , one could expect a much enhanced efficiency compared to that of a d.c. electric field. This is indeed what is observed in Fig. 4f , where again the AF pattern has significantly changed after tripling the intensity of our incident beam (electric pulse estimated near 0.1 MV m −1 ). Note that, at the wavelength used here (925 nm), photon absorption is small and the resulting heating negligible (we measure a 9 K temperature increase on the timescale of minutes). Thus, one can envisage controlling the AF order in a contactless manner using ultrafast light pulses for an all-optical information technology approach.
In summary, we report here a comprehensive study of the AF textures in BiFeO 3 epitaxial layers by SHG imaging and their evolution when subjected to different stimuli. Remarkably, we demonstrate that the micrometre-sized AF domains can be modified by applying sub-coercive electrical fields with an enhanced efficiency when in the terahertz range. Beyond the new insight this provides on the intimate nature of magneto-electric coupling at the microscopic scale, it opens the door for independently controlling ferroelectric and antiferromagnetic writing. This permits one to envisage a two-level coding where classical FE information can be complemented by a built-in very discrete AF message, as well as ultrafast, all-optical writing.
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